Introduction
============

Aquaporins are a family of channel proteins which facilitate the passive diffusion of water and/or small neutral solutes across biological membranes ([@pcu203-B7]). In plants, aquaporins are crucial molecular players involved in numerous essential processes ([@pcu203-B16], [@pcu203-B49]). These proteins assemble as tetramers, in which each subunit forms a functional channel ([@pcu203-B79]). The monomers are constituted of six transmembrane domains (TM1--TM6), which are linked by five loops (A--E). The N- and C-termini and the B and D loops are cytosolic.

Membrane proteins are co-translationally inserted into the membrane of the endoplasmic reticulum (ER). From there, most cargo proteins follow the secretory pathway ([@pcu203-B3]). They are exported towards the Golgi apparatus in COPII vesicles, then to the *trans*-Golgi network (TGN). Proteins leaving the TGN are sorted to their final destinations, mostly the vacuole or the plasma membrane (PM; [@pcu203-B30]). The first plant aquaporins to be identified were clearly associated with specific membranes (i.e. the vacuolar membrane and the PM). However, with the increasing number of reported plant aquaporin genes, the family appeared to exhibit a large variety of subcellular localization patterns ([@pcu203-B85], [@pcu203-B33], [@pcu203-B52]). Recent work on aquaporins belonging to the plasma membrane intrinsic protein (PIP) subfamily demonstrated that their trafficking along the secretory pathway to their destination membrane is dependent on complex sorting determinants, and that their dynamics in their target membrane are dependent upon environmental conditions.

Plants are not able to escape from unfavorable growth conditions, such as drought or salinity. Therefore, aquaporin regulation processes are essential for plants to adapt the density of active channels in their membranes in response to changing environmental conditions. In the past few years, the usefulness of PIP aquaporins as an experimental model in subcellular trafficking studies has been demonstrated, both to identify new sorting signals and to characterize dynamic processes in response to various environmental conditions ([@pcu203-B52], [@pcu203-B61], [@pcu203-B89]). This review aims to bring this information together to show that the journey of aquaporins from their site of synthesis towards the PM depends on multiple molecular factors, and that their transport and dynamics are highly regulated.

Plant Aquaporins Display an Unexpected Variety of Subcellular Localization Patterns
===================================================================================

The first aquaporins discovered in plants were classified on the basis of their subcellular localization. NIPs (nodulin26-like intrinsic proteins) were identified in the peribacteroid membrane of soybean (*Glycine max*) nodules ([@pcu203-B29]), TIPs (tonoplast intrinsic proteins) were found in the bean vacuolar membrane (tonoplast) ([@pcu203-B43]), and PIPs were detected in the PM of *Arabidopsis thaliana* cells ([@pcu203-B20], [@pcu203-B44]). However, as a whole, the subcellular localization of proteins belonging to the plant aquaporin family is complex and highly regulated. Proteins of the PIP subfamily have been shown in many cases indeed to be localized in the PM, but this is not a completely general feature. When expressed in tobacco, maize (*Zea mays*) ZmPIP1;2 displays a dual localization in the PM and in the ER of root elongating cells ([@pcu203-B15]). It has been shown that ZmPIP1 isoforms are unable to reach the PM when they are expressed alone in maize mesophyll protoplasts ([@pcu203-B87]). The tobacco (*Nicotiana tabacum*) PIP1 NtAQP1 is found both in the PM and in the chloroplast inner envelope, where it is thought to facilitate CO~2~ transport ([@pcu203-B80]). In salt stress conditions, Arabidopsis PIPs are relocated to intracellular vesicles ([@pcu203-B11], [@pcu203-B10]). These observations underline the complex nature of aquaporin subcellular localization. Nevertheless, PIPs are often used as PM markers, notably, but not only, as controls in studies pertaining to auxin efflux transporters (PINs) ([@pcu203-B65], [@pcu203-B77], [@pcu203-B21], [@pcu203-B42], [@pcu203-B22], [@pcu203-B56], [@pcu203-B27], [@pcu203-B90], [@pcu203-B26]). The use of plant PIPs as reference PM proteins in many studies has led to the accumulation of a considerable amount of experimental data which are of primary interest for the understanding of their endomembrane trafficking. However, many mechanisms which determine the routing of these proteins to their destination membranes remain to be uncovered ([@pcu203-B33], [@pcu203-B52]).

Heteromerization Regulates Maize PIP Routing to the PM
======================================================

Early co-expression experiments in *Xenopus laevis* oocytes demonstrated a functional synergy between maize ZmPIP1s and ZmPIP2s, although the ZmPIP1s were inactive when expressed alone ([@pcu203-B28]). This could be attributed to the inability of ZmPIP1s to reach the PM and/or to their instability in the PM of the oocyte in the absence of ZmPIP2s. These initial experiments in oocytes were not completely sufficient to distinguish the activity and stability effects from trafficking aspects. The expression of ZmPIPs fused to fluorescent proteins in maize mesophyll protoplasts allowed for the trafficking properties of ZmPIP1s and ZmPIP2s to be specifically studied ([@pcu203-B87]). When expressed alone, ZmPIP2s reach the PM, whereas ZmPIP1s are retained in the ER. However, when co-expressed, ZmPIP1s and ZmPIP2s co-localize in the PM. These localization patterns were conserved for all of the ZmPIP isoforms and all combinations tested. Therefore, the differential localization of ZmPIP1s and ZmPIP2s, as well as the co-localization of both in the PM upon co-expression, is likely to be a general feature for all ZmPIPs. The Förster resonance energy transfer/fluorescence lifetime imaging microscopy (FRET/FLIM) technique has been used to demonstrate that the relocalization of ZmPIP1s to the PM upon co-expression with ZmPIP2s is the consequence of a physical interaction between the ZmPIP1s and ZmPIP2s. The interaction has additionally been confirmed by co-immunopurification experiments in maize roots and suspension cells ([@pcu203-B87], [@pcu203-B14]). ZmPIP2s are specifically required for ZmPIP1s to leave the ER, since physical interaction between different ZmPIP1 isoforms in the ER does not result in the export of the proteins to the PM. The relocalization of ZmPIP1s to the PM by ZmPIP2s does not require the disulfide bridge in loop A ([@pcu203-B6]). These findings imply that, in a hetero-oligomer, the ER export capacity of ZmPIP2s overcomes the ER retention properties of ZmPIP1s. The reason why ZmPIP1s are retained in the ER could be the lack of ER export signals, or the presence of a specific retention signal. The association with ZmPIP2s may either provide an export signal or hide the retention motif, allowing the complex to reach the PM. ZmPIP transcripts are not very abundant in maize mesophyll protoplasts. This explains why ZmPIP1s are found in the ER when expressed alone, because the expression level of endogenous ZmPIP2s is not sufficient to relocalize them to the PM ([@pcu203-B87]).

Functional interactions between PIP1s and PIP2s from many other plant species expressed in oocytes have been reported (reviewed in [@pcu203-B16]). However, a systematic analysis of the subcellular localization of the PIP1s and PIP2s in a plant system is often lacking. Confirmation that PIP1s need to interact with PIP2s to leave the ER in a plant species other than maize has been lacking, and this is due to the fact that it is difficult to analyze PIP1s in plant cells independently of endogenous PIP2s.

A Diacidic Motif is Responsible for the Export of Some PIP2s from the ER
========================================================================

Diacidic motifs (D/ExD/E sequences) have been shown to be required for the ER export of some proteins in yeast, animal and plant cells ([@pcu203-B62], [@pcu203-B83], [@pcu203-B37], [@pcu203-B25], [@pcu203-B86]). In ZmPIP2;4 and ZmPIP2;5, which are localized at the PM when expressed in mesophyll protoplasts, the DIE sequence in position 4--6 is necessary for both proteins to reach the PM ([Fig. 1](#pcu203-F1){ref-type="fig"}) ([@pcu203-B88]). Co-localization with an ER marker revealed that this diacidic motif was necessary for the exit of ZmPIP2;5 out of the ER. Both ZmPIP2;4 and ZmPIP2;5 contain an additional diacidic sequence in their N-terminal tail (DAE; [Fig. 1](#pcu203-F1){ref-type="fig"}). However, since deactivation of the DIE motif is sufficient to prevent ZmPIP2;5 completely from reaching the ER, the DAE motif is apparently not sufficient to drive the exit of ZmPIP2;4 and ZmPIP2;5 from the ER. Indeed, it is known that the functionality of trafficking motifs in endomembrane sorting is largely dependent on the molecular context ([@pcu203-B64], [@pcu203-B63], [@pcu203-B8], [@pcu203-B84], [@pcu203-B31]). However, it cannot be excluded that this motif is necessary, in combination with the DIE motif, for ER export. Surprisingly, the fusion of the N-terminal portion of ZmPIP2;5, which contains the diacidic motif, to ZmPIP1;2 is not sufficient to bring the latter to the PM, indicating that ZmPIP1;2 contains a strong ER retention motif that overcomes the ER export capacity of the DIE motif of ZmPIP2;5 ([@pcu203-B88]). On the other hand, replacement of the N-terminal portion of ZmPIP2;5 with that of ZmPIP1;2 results in the retention of ZmPIP2;5 in the ER, probably due to the removal of the diacidic motif. This showed that the acidic sequences present in the N-terminal tail of ZmPIP1;2 are not functional for ER export. Finally, ZmPIP2;1 is localized in the PM ([@pcu203-B87]) even though no putative diacidic motif can be found in its N-terminal sequence ([Fig. 1](#pcu203-F1){ref-type="fig"}).

![Alignment of the N-terminal sequences of ZmPIPs. Putative diacidic motifs are shown in bold. The motifs that are necessary for the ER export of ZmPIP2;4 and ZmPIP2;5 are highlighted in blue. The alignment was performed using ClustalW2 (<http://www.ebi.ac.uk/Tools/msa/clustalw2/>).](pcu203f1p){#pcu203-F1}

![The exit of PIPs from the ER depends on multiple factors. In maize, ZmPIP1s need to form a hetero-oligomer (light and dark blue cylinder) with ZmPIP2 to leave the ER. Diacidic motifs (DxE) required for ER export have been identified in PIP2 proteins from maize and Arabidopsis. In addition, a TM-based sorting signal (LxxxA) is required for the anterograde sorting of ZmPIP2;5. Although it is required as early as ER to Golgi transport, a role for this motif in Golgi export and/or post-Golgi transport is not excluded. Finally, phosphorylation of AtPIP2;1 in its C-terminal tail promotes ER export.](pcu203f2p){#pcu203-F2}

The diacidic motif of ZmPIP2;4 and ZmPIP2;5 is conserved in AtPIP2;1 (DVE; in position 4--6). Similarly, as has been observed for ZmPIP2;4 and ZmPIP2;5, this motif is necessary for the protein to progress beyond the ER in the secretory pathway ([@pcu203-B74]). Mutation of either D4 or E6 to alanine (AtPIP2;1D4A or AtPIP2;1E6A, respectively) is sufficient to induce a significant intracellular retention of AtPIP2;1. Modified versions of AtPIP2;1 with mutations in the diacidic ER export motif which preserve the acidic nature of the residues (AtPIP2;1D4E and AtPIP2;1E6D) were generated. Unexpectedly, those mutated proteins were retained in the ER, similar to the alanine mutants ([@pcu203-B74]). These results point towards the requirement for a strict DxE sequence instead of a more accommodating 'diacidic' motif for the export of AtPIP2;1 out of the ER. Similar results were obtained for the vesicular stomatitis virus glycoprotein (VSV-G) ([@pcu203-B62]), and for the mammalian K^+^ inward rectifying channels Kir1.1 and Kir1.2 ([@pcu203-B53]). In transgenic Arabidopsis plants expressing ER-retained mutated versions of AtPIP2;1, the root water conductivity (Lp~r~) was reduced by 36--45% compared with the controls ([@pcu203-B74]). Upon co-expression with the ER-retained AtPIP2;1 variant, both wild-type AtPIP2;1 and AtPIP1;4 were blocked in the ER. Thus, the expression of the ER-retained AtPIP2;1 dramatically disturbs the trafficking of other PIPs to the PM, resulting in the decreased Lp~r~. This effect is specific to the AtPIP subfamily of aquaporins, since AtTIP1;1 is correctly localized to the tonoplast in transgenic plants expressing the ER-retained mutant of AtPIP2;1.

These studies demonstrate the importance of diacidic motifs in the export of PIPs from the ER. However, a sequence alignment of the N-terminal region of maize PIPs indicates that these motifs are not sufficient to account for their differential localization. All of the ZmPIP1s which have been investigated to date are retained in the ER, even though all contain diacidic sequences in their N-terminus ([Fig. 1](#pcu203-F1){ref-type="fig"}). Reciprocally, ZmPIP2;1 does not contain a diacidic sequence in its N-terminal tail, but is able to reach the PM. ZmPIP2;6 contains an ExD sequence at a conserved position, similar to the DxE motif of ZmPIP2;4 and ZmPIP2;5. Analyzing its subcellular localization would help to determine whether strict DxE motifs are required for PIP routing to the PM, as suggested by [@pcu203-B74].

Even though the ER export mechanism might not be identical for all PIPs, the requirement for DxE diacidic motifs in this essential trafficking step has been clearly established. It is likely that these sequences interact with the COPII coat component Sec24, as has been shown for the K^+^ transporter KAT1 ([@pcu203-B73]). It would be of interest to investigate whether specific Sec24 isoforms interact with specific PIPs, and whether this specificity varies according to the environmental conditions.

Maize PIP2s Rely on Their Third Transmembrane Helix to Reach the PM
===================================================================

The diacidic ER export motif identified in some PIP2 isoforms ([@pcu203-B88], [@pcu203-B74]) is not fully sufficient to account for the differential sorting of ER-retained ZmPIP1s and PM-localized ZmPIP2s ([@pcu203-B87]). To obtain more insights into the distinct localization of these two groups of proteins and to identify new trafficking signals in ZmPIPs, a systematic domain-swapping approach has been taken ([@pcu203-B17]). Localization experiments in maize protoplasts and leaf epidermal cells showed that, unexpectedly, the soluble regions (N-terminus, C-terminus and loops A--E) of ZmPIP1;2 and ZmPIP2;1 do not contain major trafficking determinants. Instead, TM3 emerged as a critical region influencing the progression of ZmPIPs towards the PM. Site-directed mutagenesis of diverging residues within the TM3 region of ZmPIP1;2 and ZmPIP2;5 showed that the Leu127 and Ala131 residues of ZmPIP2;5 are needed for its anterograde trafficking in the secretory pathway. Although the transport step in which this LxxxA motif is involved could not be unambiguously identified, it seems to be required for an efficient routing of ZmPIP2;5 towards the PM, as early as ER to Golgi transport. Truncated versions of ZmPIP2;5 and ZmPIP1;2 consisting of only the TM3 region fused to a fluorescent protein reflect the localization of the full-length proteins, proving the different trafficking properties of the TM3 of ZmPIP2;5 and ZmPIP1;2. The LxxxA motif is responsible for this differential localization, as its mutation results in the retention of the TM3 of ZmPIP2;5 inside the cell, and its insertion into TM3 of ZmPIP1;2 allows the protein partially to reach the PM (Chevalier and Chaumont, unpublished results). Nevertheless, the addition of the LxxxA motif to the full-length ZmPIP1;2 does not allow the protein to reach the PM, even in combination with the previously identified N-terminal diacidic motif of ZmPIP2;5 ([@pcu203-B17]).

Despite its striking role in the anterograde routing of ZmPIP2;5 along the secretory pathway, how the TM3-based LxxxA motif is recognized by trafficking proteins remains unknown. The vast majority of trafficking motifs have been identified in the cytoplasmic regions of cargo proteins ([@pcu203-B2]). Proteins bearing trafficking motifs exposed to the cytosol can be recruited directly for incorporation into nascent vesicles. Cytoplasmic motifs are accessible to the trafficking machinery, and are able to interact physically with specific transport proteins, a process that is often required for cargo transport. In contrast, TM-based trafficking signals cannot directly interact with transport proteins. However, examples of subcellular routing regulated by TM-based sorting signals have been reported. Unlike soluble sorting determinants, TM-based trafficking signals do not consist of conserved 'motifs', but rather of physical properties of the TM segment ([@pcu203-B18]). The length of the TM influences the progression of single-TM membrane proteins along the secretory pathway in yeast, mammalian and plant cells ([@pcu203-B12], [@pcu203-B68], [@pcu203-B72]). Proteins with a short TM are retained at the level of the ER or the Golgi, while a longer TM allows the protein to reach the PM. However, TM-based protein sorting does not rely only on TM length. For example, some well-defined regions in the TM of the ORF7b protein from the severe acute respiratory syndrome coronavirus have been found to be responsible for sorting ([@pcu203-B71]). Subcellular sorting of some polytopic plant membrane proteins relies on TM-based information. The bean tonoplast aquaporin α-TIP is driven to the vacuolar membrane by its final transmembrane helix ([@pcu203-B39]). The rice secretory carrier membrane protein 1 (SCAMP1) relies on its TM2 and TM3 for Golgi export, and on TM1 for TGN to PM routing ([@pcu203-B13]).

The mechanisms regulating TM-based sorting are not very clear yet, but partitioning into specific membrane subdomains and/or interactions with receptor proteins are thought to mediate this process ([@pcu203-B18]). The recruitment of artificial C-tail-anchored membrane proteins to ER exit sites (ERES) requires a long TM segment ([@pcu203-B68]). Otherwise, the protein remains in export-incompetent domains of the ER membrane. In yeast and mammalian cells, many proteins need to be recruited into lipid rafts to be properly routed to their final PM destination ([@pcu203-B75]). Localization of the model transmembrane protein Linker for Activation of T-cells (LAT) in membrane rafts is necessary and sufficient for PM localization ([@pcu203-B23]). Palmitoylation and transmembrane domain length are determinants for the association of LAT with membrane rafts. In yeast and animal cells, transmembrane receptor proteins recognize TM segments of secretory proteins for sorting at the ER--Golgi interface ([@pcu203-B19]). In the anterograde direction, Erv14p binds cargo proteins to load them into COPII vesicles. Erv14p has recently been shown to interact with the transmembrane segments of cargo proteins ([@pcu203-B38]). In the Golgi to ER direction, Rer1p binds TM-based signals to retrieve proteins towards the ER. Erv14p and Rer1p homologs exist in plants. Their role in cargo transport has, to our knowledge, not been demonstrated, but Arabidopsis Rer1 homologs complement the yeast *rer1* mutant ([@pcu203-B70]). These findings show that subcellular sorting of transmembrane proteins depends on TM-based trafficking determinants in addition to well-characterized soluble motifs. How TM-based sorting information integrates into well-characterized endomembrane processes has only started to be uncovered ([@pcu203-B18]). In this respect, the discovery of the TM-based Leu127 Ala131 PM targeting motif in ZmPIP2;5 ([@pcu203-B17]) opens up exciting new perspectives in plant protein trafficking research ([@pcu203-B61]).

Phosphorylation- and Ubiquitylation-Dependent Trafficking of Arabidopsis PIP2;1
===============================================================================

Phosphorylation affects the gating of plant aquaporins ([@pcu203-B79]). Multiple adjacent phosphorylation sites (up to three) have been detected in the C-terminus of several AtPIPs by mass spectrometry ([@pcu203-B66]). Most interestingly, AtPIP2;1 contains two phosphorylation sites in that region (Ser280 and Ser283). Mutations which abolished phosphorylation (serine to alanine), or mimicked constitutive phosphorylation (serine to aspartate) demonstrated that phosphorylation on Ser283 is necessary for the trafficking of AtPIP2;1 from the ER to the PM. On the other hand, mutation of Ser280 has no effect on AtPIP2;1 localization under normal growth conditions. [Fig. 2](#pcu203-F2){ref-type="fig"} summarizes the molecular determinants governing the export of PIPs out of the ER.

![Intracellular trafficking of PIPs. (A) PIP transport through the secretory pathway under normal conditions. The PIPs (blue cylinders) rely on various mechanisms to reach the Golgi. Some PIP1s are targeted to the chloroplast inner membrane by an unknown mechanism. Post-TGN transport of PIPs depends on SNARE proteins, and PIPs undergo constitutive cycling (dashed arrows). The cell wall restricts PIP lateral movement within the PM. A part of the PM pool of PIP is associated with rafts. (B) Modifications of PIP subcellular transport under abiotic stress conditions. Salt stress reduces ER export, increases cycling and diffusion, and causes intracellular accumulation of PIPs. Under drought stress, PIP2s are degraded via the proteasome as a result of polyubiquitination. See text for more details and references.](pcu203f3p){#pcu203-F3}

A salt stress treatment (100 mM NaCl; 2 or 4 h) modifies both the localization and phosphorylation status of AtPIP2;1 ([@pcu203-B66]). AtPIP2;1 is relocalized to 'fuzzy structures' and to a lesser extent to intracellular 'spherical bodies' tentatively identified as late endosomal compartments (pre-vacuolar compartment, PVC). The non-phosphorylated forms of AtPIP2;1 are primarily relocalized to fuzzy structures, while the relocalization to spherical bodies requires the phosphorylated form of Ser283. Because salt stress has been shown to reduce Lp~r~ (100 mM NaCl; 45 min) ([@pcu203-B11]), it is tempting to assume that, upon salt treatment, the cell reduces the amount of water channels in the PM by (i) preventing neosynthesized PIPs from leaving the ER and (ii) internalizing PM-localized PIPs (AtPIP2;1S283D) to endosomal compartments for degradation ([Fig. 3](#pcu203-F3){ref-type="fig"}). This is supported by the observation that salt induces a reduction in the abundance of the phosphorylated Ser283 form, which is able to reach the PM. These data underline the major regulatory role of phosphorylation in PIP localization and dynamics ([@pcu203-B82]).

In Arabidopsis, AtPIP2;1 is retained in the ER by the overexpression of an E3 ubiquitin ligase (Rma1), which is induced by abiotic stresses including dehydration ([@pcu203-B47]). Rma1 is localized in the ER membrane and confers resistance to drought stress when overexpressed in transgenic Arabidopsis plants. AtPIP2;1 is ubiquitinated by Rma1 and is consequently degraded in the proteasome. These observations suggest a mechanism by which the density of AtPIP2;1 channels in the PM is reduced under drought stress conditions by the E3 ubiquitin ligase Rma1 to ensure plant survival. This model correlates with the observed down-regulation of AtPIP2;1 (and most other PIPs) under drought stress conditions ([@pcu203-B1]).

PIPs Interact with SNAREs to Reach the PM
=========================================

SNAREs (soluble *N*-ethylmaleimide-sensitive factor protein attachment protein receptors) are a family of proteins that mediate vesicle fusion events in the endomembrane system. SNAREs associated with a vesicle and with its target membrane, respectively, interact to form a coiled-coiled structure to overcome hydrophobic forces and achieve membrane fusion between the two compartments ([@pcu203-B32]). In addition to their role in vesicle trafficking, SNAREs can specifically interact with cargos to regulate their activity. For example, the regulatory K^+^ channel AtKC1 interacts with AtSYP121 to promote the gating of the inward-rectifying K^+^ channel AtAKT1 through the formation of a tripartite complex ([@pcu203-B41]).

Trafficking of ZmPIP2;5 to the PM requires the SNARE ZmSYP121 ([@pcu203-B5]) ([Fig. 3](#pcu203-F3){ref-type="fig"}). The localization of ZmPIP2;5 at the PM is partially inhibited by a dominant-negative fragment of SYP121 (SYP121-sp2). This effect is specific to SYP121, as inhibitory fragments of both ZmSYP121 and AtSYP121 but not of the PM-localized AtSYP122 and AtSYP71 nor of the TGN SYP21 decrease the amount of ZmPIP2;5 in the PM. A direct physical interaction between ZmPIP2;5 and ZmSYP121 has been demonstrated. Protoplast swelling assays showed that the membrane water permeability coefficient (P~f~) is reduced in cells co-expressing SYP121-sp2 and ZmPIP2;5 compared with cells expressing ZmPIP2;5 alone. Thus, the transport of water across the membrane is directly affected by the defect in ZmPIP2;5 trafficking to the PM. Together with previous findings regarding K^+^ channels, these data point to a general role for SYP121 in the regulation of the cell osmotic homeostasis. The involvement of SYP121 in PIP2 delivery to the PM has been confirmed in Arabidopsis where an interaction between AtPIP2;7 and AtSYP121 is also observed ([@pcu203-B35]). SYP121-mediated PIP2 trafficking to the PM seems therefore to be a conserved mechanism. Whether all PIPs, and in particular PIP1 isoforms, interact with SYP121 has not been investigated. However, not all PM proteins depend on SYP121 to reach the PM, since the localization of the H^+^-ATPase PMA2 was not affected by SYP121-sp2 ([@pcu203-B5]).

AtPIP2;7 interacts with a second SNARE, AtSYP61 ([@pcu203-B35]). The localization of AtPIP2;5 in the PM requires AtSYP61 to be functional. When overexpressed in an AtSYP61 T-DNA insertion line (*osm1*), AtPIP2;7 specifically accumulates in abnormal intracellular structures which were identified as a modified ER. This aberrant localization was not observed for the auxin transporter AtPIN2, and could be rescued by the expression of an AtSYP61-encoding construct. Both SNAREs AtSYP121 and AtSYP61 physically interact putatively to form a SNARE complex ([@pcu203-B35]). However, AtSYP121 appears to be mainly localized at the PM, while AtSYP61 is more endosomal even if it accumulates in the PM upon treatment with the endocytosis inhibitor tyrphostin A23 (A23). From these data, it has been suggested that PIPs might reach the PM from the TGN by two non-exclusive pathways: one mediated by SYP121 alone, and the other mediated by the SYP121/SYP61 SNARE complex. On the other hand, internalization from the PM might be driven either by SYP61 alone or by the SYP121/SYP61 complex ([@pcu203-B35]) ([Fig. 3](#pcu203-F3){ref-type="fig"}). The involvement of SNARES in both endomembrane transport and K^+^ channel gating led to the hypothesis that SNAREs might act as molecular governors, co-ordinating the cell osmotic homeostasis (via water and solute uptake and membrane transporter traffic) together with membrane expansion in growing cells ([@pcu203-B32], [@pcu203-B41], [@pcu203-B40], [@pcu203-B5], [@pcu203-B33], [@pcu203-B35]).

As suggested in [@pcu203-B33], it is tempting to assume that different members of the multigenic SNARE family regulate different steps of the subcellular routing of PIPs from their site of synthesis to their final destination. An example supporting this idea is the mislocalization of AtPIP2;1 in the Arabidopsis *vamp721 vamp722* double mutant. Although the specificity of such a mechanism to PIPs is unlikely, the correct localization of AtTIP1;1 in the tonoplast in this mutant suggests a specific role for the VAMP721 and VAMP722 SNAREs in TGN to PM trafficking ([@pcu203-B90], [@pcu203-B33]).

Some Plant Aquaporins Exhibit a Polarized Localization in the PM
================================================================

The majority of PIP aquaporins show a uniform distribution at the cell periphery ([@pcu203-B15], [@pcu203-B11], [@pcu203-B10], [@pcu203-B66], [@pcu203-B74]). However, several PIP members are directionally distributed in the PM. ZmPIP2;5 and ZmPIP2;1/ZmPIP2;2 display a polar localization in root and leaf epidermis, respectively. ZmPIP2;5 strongly labels the exofacial PM of root epidermal cells ([@pcu203-B36]), while ZmPIP2;1/ZmPIP2;2 labels the internal and anticlinal membranes in leaf epidermis more intensively ([@pcu203-B34]). In rice, OsPIP2;1 and OsPIP2;5 are specifically localized in the internal PM of root endodermal cells ([@pcu203-B69]). Interestingly, many NIPs that have been shown to be localized in the PM are asymmetrically distributed ([@pcu203-B54], [@pcu203-B59], [@pcu203-B78], [@pcu203-B58]). It is likely that other isoforms with a polar distribution face these aquaporins in the opposite membrane ([@pcu203-B52]). The mechanism generating and maintaining PIP and NIP polarization is not known, but a role for the cell wall in limiting PIP lateral mobility in the PM has been shown ([@pcu203-B55]). PIPs (AtPIP1;1 and AtPIP2;1) have been used as control non-polarized PM proteins in PIN polarization studies ([@pcu203-B22], [@pcu203-B46]). Polar endocytic recycling and restricted lateral mobility were crucial for the maintenance of PIN polarization, but had no influence on PIP distribution within the PM. Furthermore, because PINs are polarized following the longitudinal axis whereas NIP and PIP polarization follows the radial axis, the mechanisms establishing the asymmetrical distribution of PINs, NIPs and PIPs must differ at some point.

Mobility of PIPs in the PM
==========================

When observed by standard confocal microscopy, the fluorescence signal associated with PIPs appears to be continuous in the membrane ([@pcu203-B21], [@pcu203-B87], [@pcu203-B10], [@pcu203-B46], [@pcu203-B5]). However, PIPs have been identified in detergent-insoluble membranes in a number of studies ([@pcu203-B9], [@pcu203-B60], [@pcu203-B48], [@pcu203-B57], [@pcu203-B4], [@pcu203-B76]) ([Fig. 3](#pcu203-F3){ref-type="fig"}). In accordance with these findings, PIPs display a relatively low lateral mobility in the membrane under normal growth conditions ([@pcu203-B46], [@pcu203-B50], [@pcu203-B74], [@pcu203-B5], [@pcu203-B51], [@pcu203-B55]). The lateral mobility of ER-retained AtPIP2;1 mutants is much higher than that of PM-localized wild-type AtPIP2;1, suggesting the existence of a PM-specific immobilization mechanism ([@pcu203-B74]). The use of high-end microscopy technologies recently demonstrated the localization of AtPIP2;1 in microdomains ([@pcu203-B50]). This partitioning is dynamic, since AtPIP2;1 is able to move in and out of these microdomains. Surprisingly, the low lateral mobility of AtPIP2;1 and other PM proteins of Arabidopsis is independent of the organization of the membrane into microdomains ([@pcu203-B55]). The low lateral diffusion does not rely on protein concentration, protein interactions or cytoskeletal elements either. Instead, the cell wall was shown to restrict the diffusion of those proteins. Cell wall-restricted diffusion is maximal for proteins with large extracytoplasmic domains. Consequently, the cell wall meshwork was suggested to constrain the diffusion of membrane proteins mechanically ([@pcu203-B55]).

In resting conditions, AtPIP2;1 continuously cycles to and from the PM ([@pcu203-B65], [@pcu203-B51]) ([Fig. 3](#pcu203-F3){ref-type="fig"}). The constitutive endocytosis of AtPIP2;1 from the PM is clathrin mediated ([@pcu203-B21], [@pcu203-B50]), and its recycling to the PM from the TGN probably involves Bex5/RabA1b ([@pcu203-B26]). Fluorescence recovery after photobleaching (FRAP) and photoconverted fluorescence monitoring were used as new tools to dissect the mechanisms underlying the constitutive cycling of PIPs to and from the PM ([@pcu203-B51]). FRAP experiments performed on root epidermal cells of Arabidopsis transgenic plants expressing green fluorescent protein (GFP)-tagged AtPIP2;1 and AtPIP1;2 confirmed the very low lateral mobility of PIPs in the PM. The FRAP response of AtPIPs is biphasic, with an early response occurring within 60 s, and a late phase that is achieved after 30 min. Because the contribution of lateral mobility to fluorescence recovery is negligible, other factors must explain the biphasic behavior of the recovery. Vesicles containing GFP--AtPIPs flowing with the fast cytoplasmic streaming beneath the PM were suggested to be responsible for the early response, while the recycling of GFP--AtPIPs from vesicles to the PM accounted for the late response. This model was validated by coupling FRAP with the use of inhibitors of exocytosis (brefeldin A; BFA) and clathrin endocytosis (A23). A23 inhibited the fast response, and thus the accumulation of PIPs in endosomal compartments, and BFA inhibited the late recovery response. The synthetic auxin analog NAA (naphthalene-1-acetic acid) inhibited a step downstream of endocytosis and upstream of the TGN. This showed that, in normal conditions, PIPs continuously cycle to and from the PM in a three-step sequence: endocytosis, transfer to the TGN and recycling to the PM. The clathrin-mediated endocytosis step of the cycle is inhibited by salicylic acid (SA) ([@pcu203-B24]). The reason why PIPs undergo constitutive cycling remains somewhat obscure ([@pcu203-B33]). Endocytic cycling of PINs, for example, is involved in the maintenance of their polar localization ([@pcu203-B45]) and regulates the amount of channels in the PM ([@pcu203-B65], [@pcu203-B67]). In contrast, one could imagine that PIP cycling maintains a uniform repartition in the PM despite their low intrinsic mobility.

Upon exposure to salt stress conditions, the cycling rate of AtPIP2;1 to and from the PM is increased ([@pcu203-B51]) ([Fig. 3](#pcu203-F3){ref-type="fig"}). During this process, AtPIP2;1 clathrin-dependent endocytosis takes place, but a second, raft-associated, internalization pathway is activated ([@pcu203-B50]). Thus, one of the reasons for AtPIP2;1 to be incorporated into microdomains may be the need of the raft-associated internalization pathway in response to salt stress conditions. Segregation of PIN1 and PIN2 into membrane clusters contributes to the dramatically low lateral mobility of these proteins and to the maintenance of their polar PM localization. In contrast to PIN proteins, AtPIP2;1 is not detected in 'membrane clusters', and its recovery after photobleaching is insensitive to sterol disruption by filipin under normal conditions ([@pcu203-B46]). Together, the studies of [@pcu203-B46], [@pcu203-B50] and [@pcu203-B51] indicate that PINs and PIP2;1 are located in different microdomains which are functionally specialized to carry out different functions (PIN immobilization vs. PIP2;1 internalization upon exposure to salt stress conditions).

Abiotic Stress-Induced Aquaporin Reorganization
===============================================

Salt has diverse effects on aquaporins in plants ([@pcu203-B81], [@pcu203-B11], [@pcu203-B10], [@pcu203-B66], [@pcu203-B50], [@pcu203-B51]). A 100 mM NaCl treatment results in a 70% decrease in Lp~r~ ([@pcu203-B11]). The half-time of this response is 45 min, and the reduced Lp~r~ is stable over at least 24 h. The transcript levels of all highly expressed *PIP* and *TIP* genes are dramatically reduced (60--70%) after 2--4 h of exposure to stress conditions. Surprisingly, PIP1 abundance is reduced by 40% after 30 min, whereas the PIP2 and TIP levels decrease by 20--40% only after 6 h. The use of GFP-tagged aquaporins showed that AtTIP1;1 is relocalized to intravacuolar invaginations after 45 min, while the localization of AtTIP2;1 and AtPIPs remains unchanged. Only after 2 h of exposure to salt stress conditions are the AtPIP1 and AtPIP2 proteins occasionally found in intracellular structures instead of the PM. Root treatment with an equivalent osmotic concentration of mannitol (200 mM) induces a similar reduction in Lp~r~, showing that the effect of NaCl on Arabidopsis roots is perceived as an osmotic challenge, rather than as an ionic toxicity ([@pcu203-B11]). Ice plant (*Mesembryanthemum cristallinum*) root treatment with 200 mM mannitol also induces a partial aquaporin relocalization ([@pcu203-B81]). The tonoplast-localized McTIP1;2 is specifically translocated to intracellular vesicles upon osmotic challenge in a glycosylation-dependent way. Together with the data obtained by [@pcu203-B11], this work points to a redistribution of some, but not all, TIP aquaporins under abiotic stress conditions, but the mechanisms responsible for this aquaporin reorganization are poorly characterized. The effect of salt on plant PM aquaporin localization seems to be dose dependent, since a 150 mM NaCl treatment has effects in nature identical to a 100 mM stress, but the relocalization of AtPIPs to intracellular structures is faster (45 min) and more pronounced ([@pcu203-B10]). Both salt (150 mM; 45 min) and SA (0.5 mM; 1 h) treatments induce the accumulation of reactive oxygen species (ROS), decrease Lp~r~ and cause the accumulation of GFP-tagged AtPIPs to intracellular structures ([Fig. 3](#pcu203-F3){ref-type="fig"}). When exogenously applied, catalase (a ROS scavenger) counteracts the effects of SA on Lp~r~ and AtPIP localization, and H~2~O~2~ reduces Lp~r~ by 90% in \<15 min. Due to the fact that H~2~O~2~ has no influence on the water channel activity of AtPIPs expressed in oocytes, it has been concluded that ROS act in the signaling cascade in response to NaCl. Accordingly, H~2~O~2~ enhances the accumulation of GFP--AtPIP in intracellular structures (vesicles and small vacuoles) in \<15 min. These findings show that H~2~O~2~ mediates a signaling cascade in response to salt exposure, which redirects AtPIPs to intracellular compartments in order to reduce the permeability of the PM to water. However, these results have partially been contradicted in a recent study showing that SA inhibits clathrin-mediated endocytosis of AtPIP2;1 and other PM proteins from the cell surface ([@pcu203-B24]).

Single-particle tracking by variable-angle evanescent wave microscopy showed that, very shortly after exposure to salt stress conditions (100 mM NaCl; 10 min), the diffusion coefficient of AtPIP2;1 in the PM of root epidermal cells doubled ([@pcu203-B50]). In addition to this quantitative change, the proportion of GFP--AtPIP2;1 that exhibits a restricted diffusion mode increases by 60%. As shown by fluorescence correlation spectroscopy, the density of GFP--AtPIP2;1 in the PM is 30.3 ± 5.1 molecules µm^−2^ in control conditions, and this decreases by 46% under salt stress conditions. Finally, while the internalization of AtPIP2;1 under normal conditions is predominantly linked to clathrin-mediated endocytosis, a raft-associated endocytic pathway is specifically induced upon exposure to NaCl. The higher proportion of particles with a restricted diffusion mode might reflect a specific recruitment of AtPIP2;1 to raft microdomains under salt stress conditions. This process might be facilitated by the increased diffusion coefficient of AtPIP2;1 in NaCl-treated root cells. As a result, this facilitates the reduction of the density of water channels at the cell surface by raft-mediated endocytosis under osmotic stress conditions.

In salt stress conditions (100 mM), the rate of PIP constitutive cycling is increased, but the lateral mobility of AtPIPs in the PM remains negligible, and no net increase in endosomal labeling is observed ([@pcu203-B51]). All three steps of the cycle are intensified: endocytosis, transfer to the TGN and exocytosis. In contrast to control conditions, A23 is not sufficient to inhibit the early response. This is explained by two non-exclusive mechanisms: an enhancement of clathrin-mediated endocytosis (which would then over-ride the effect of A23), and the specific activation upon salt stress conditions of an A23-insensitive (probably clathrin-independent) endocytic pathway. The latter hypothesis confirms previous observations according to which raft-associated internalization would be activated in salt-exposed cells ([@pcu203-B50]). Finally, in salt stress conditions, the exocytosis step of the cycle is no longer fully blocked by BFA, indicating the induction of an alternative recycling route to the PM ([@pcu203-B51]). The exact role of the increased rate of AtPIP constitutive cycling in the salt stress response has yet to be determined. The link between enhanced cycling and decreased root hydraulic conductivity ([@pcu203-B11]) following NaCl exposure is not straightforward. [@pcu203-B51] suggested that the increased cycling rate might be coupled to a modification of the gating status of PIPs in order to modulate the permeability of the cell membrane to water. Previous studies showed that GFP--AtPIPs are relocalized to intracellular structures, but that this effect largely depends on the NaCl concentration. While GFP--AtPIP internalization is only occasionally observed after 2 h of treatment with 100 mM NaCl ([@pcu203-B11]), AtPIPs are observed in intracellular structures in 30% of the cells after only 45 min when the NaCl concentration is increased to 150 mM ([@pcu203-B10]). In contrast, no net increase in intracellular PIPs after 30 min of exposure to 100 mM NaCl was observed in the study conducted by [@pcu203-B51]. This might, at least in part, be due to the different spatiotemporal resolutions of the experimental systems used in all of these studies.

Conclusions and Future Challenges
=================================

Plant aquaporins are essential for many physiological processes in plants and have been found in the membranes of a variety of cell compartments. They were first extracted from tonoplast- and PM-enriched fractions, and have been used as reference organelle markers in many studies. Recent research on the subcellular routing of PIPs from the ER to the PM and on their dynamics at the PM revealed unexpected levels of complexity.

Maize PIP co-expression experiments demonstrated that not all ZmPIPs are equally able to reach the PM, as ZmPIP1s need to interact with ZmPIP2s to leave the ER. Whether this mechanism applies to other plant species remains unclear, as it is difficult to study PIP1 trafficking alone. Studies carried out in maize and Arabidopsis showed that the targeting of some, but not all, PIP2s to the PM requires an N-terminal diacidic motif. It has been suggested that a strict DxE sequence, and not only a diacidic motif is necessary. This should be investigated by mutating the ExD sequence located, in ZmPIP2;6 for instance, at the same conserved position as the DxE ER export motif of ZmPIP2;4, ZmPIP2;5 and AtPIP2;1. Intriguingly, ER-retained ZmPIP1s contain diacidic sequences in their N-terminus. Whether these play a role in bringing the ZmPIP1--ZmPIP2 complex to the PM should be investigated. More recently, another anterograde trafficking signal (LxxxA), surprisingly located within a transmembrane helix, has been identified in ZmPIP2;5. However, it remains unclear whether this motif drives recruitment to ERES, export from the ER or Golgi exit. The mechanism responsible for the recognition and sorting of this motif remains to be identified. Lipid and protein interaction studies should be performed to investigate this point. Post-translational modifications have also been shown to influence PIP subcellular transport in response to environmental changes. While phosphorylation promotes ER export, ubiquitylation prevents PIPs from further progress in the secretory pathway. This shows that the journey of PIPs to the PM does not occur by default, but instead requires multiple signals to leave the ER. However, more motifs regulating PIP anterograde progression are likely to be uncovered in the future. The factor retaining ZmPIP1s in the ER has still not been identified. Additionally, no sorting determinants have been identified for post-ER steps.

In the course of their journey across the cell, PIPs probably interact with numerous transport proteins. These aspects of PIP trafficking were shown recently in two studies demonstrating a physical interaction between PIP2s and the SYP121 and SYP61 SNAREs. However, knowledge of the 'trafficking interactome' of PIPs remains fragmentary, as only post-TGN interactions have been demonstrated. Efforts have to be made to identify more transport proteins interacting with PIPs, in order to draw a global map of PIP interactions during their movement through the secretory pathway. Finally, significant progress has recently been made in deciphering regulatory processes under changing environmental conditions. Both the anterograde trafficking of PIPs from the ER and their dynamics at the PM are regulated by environmental conditions; however, the understanding of this regulation remains incomplete. Since PIPs are emerging as a new model for endomembrane studies, additional knowledge of the cellular and molecular mechanisms governing PIP density in the membrane under abiotic stress conditions would be of great interest, not only for aquaporin trafficking research, but more broadly for the understanding of plant responses to stress.
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:   tyrphostin A23

At

:   *Arabidopsis thaliana*

BFA

:   brefeldin A

ER

:   endoplasmic reticulum

ERES

:   endoplasmic reticulum exit sites

FRAP

:   fluorescence recovery after photobleaching

FRET/FLIM

:   Förster resonance energy transfer/fluorescence lifetime imaging microscopy

GFP

:   green fluorescent protein

Lp~r~

:   root water conductivity

MβCD
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NAA

:   naphthalene-1-acetic acid

NIP

:   nodulin26-like intrinsic protein

Nt

:   *Nicotiana tabacum*
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:   membrane water permeability coefficient

PIP

:   plasma membrane intrinsic protein

PM

:   plasma membrane

PVC

:   pre-vacuolar compartment

ROS

:   reactive oxygen species

SA

:   salicylic acid

SNARE

:   soluble *N*-ethylmaleimide-sensitive factor protein attachment protein receptor

TGN

:   *trans*-Golgi network
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:   tonoplast intrinsic protein
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:   transmembrane domain
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